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Tissue resistance to insulin stimulation of amino acid uptake in
acutely uremic rats. Peripheral tissue resistance to insulin-medi-
ated glucose uptake occurs in uremia. A similar resistance also
may exist to insulin-mediated amino acid uptake. The present
study examined the effect of insulin on the uptake or distribution
ratios (DR) of aipha-aminoisobutyric acid (AIBA) attained in the
tissues of rats made acutely uremic by bilateral nephrectomy.
Both uremic and control rats concentrated equally AIBA in the
gastrocnemius muscle in the absence of insulin (DR = 2.82
0.39 in controls, 2.52 0.40 in uremics). Compared to control
rats, the diaphragm and liver of uremic rats, in the absence of
insulin, had higher concentrations of AIBA. Insulin had the ex-
pected effect of increasing the uptake in the gastrocnemius, dia-
phragm, and liver of control rats but had no effect on uptake in
the gastrocnemius muscle of uremic rats (DR = 5.82 0.78 in
controls, 3.07 0.60 in uremics). The effect of insulin on the
distribution ratio of AIBA in diaphragm and liver or uremic rats
was less than it was in control rats. Uremia is associated with
inhibition of insulin-mediated amino acid uptake as well as pe-
ripheral resistance to glucose utilization.
Résistance tissulaire a Ia stimulation insulinique de Ia captation
d'acides aminés chez les rats urémiques. Au cours de l'urémie ii
existe une résistance tissulaire a Ia stimulation par l'insuline de
Ia captation du glucose. Une résistance semblable peut exister
pour Ia captation d'acides aminés. Ce travail étudie l'effet de
l'insuline sur Ia captation et Ia concentration (DR) de l'acide al-
pha-amino-isobutyrique (AIBA) par et dans divers tissus chez le
rat en urémie aigue du fait d'une néphrectomie bilatérale. Les
rats urémiques et contrôles concentrent également AIBA dans le
muscle gastrocnemien en l'absence d'insuline (DR = 2,82 0,39
chez les contrôles, 2,52 0,40 chez les urémiques). Le dia-
phragme et le foie des rats urémiques, en l'absence de'insuline,
ont des concentrations d'AIBA supérieures a celles des con-
trôles. L'insuline a l'effet attendu d'augmentation de la captation
par le gastrocnemien, le diaphragme, et Ic foie des rats contrOles,
mais na pas d'effet sur Ia captation par le gastrocnémien des rats
urémiques (DR = 5,82 0,78 ches les contrôles et 3,07 0,60
ches les uremiques). L'effet de l'insuline sur Ic diaphragme et le
foie des rats urémiques est inférieur a celui observe chez les
contrôles. L'urémie est associée a une inhibition de la captation
d'acides aminés dépendante de l'insuline et a une résistance pé-
riphérique a l'utilisation du glucose.
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Glucose intolerance, hyperglycemia, and hyper-
insulinemia are common findings in patients with
end-stage renal disease [1—6]. Peripheral tissue re-
sistance to insulin's ability to stimulate glucose uti-
lization has been found in uremic patients [3]. In-
sulin also mediates amino acid transport across cell
membranes [7-14] and stimulates protein synthesis
[15, 16]. Peripheral resistance to insulin's ability to
stimulate amino acid transport or protein synthesis
might contribute to the protein depletion often seen
in patients on hemodialysis [17, 18]. We gave alpha-
aminoisobutyric acid (AIBA), a nonmetabolized
amino acid [10, 11, 19], to acutely uremic and con-
trol fasted rats to determine if resistance to insulin-
mediated amino acid uptake exists in uremia. Up-
take, expressed as distribution ratio for AIBA be-
tween intracellular and extracellular fluid, was mea-
sured in the gastrocnemius muscle, diaphragm, and
liver of control and uremic animals.
Methods
Alpha-1-14C-aminoisobutyric acid (9.0 .tCi/mM;
New England Nuclear Corporation, Boston, Mas-
sachusetts) was diluted with isotonic saline to a fi-
nal concentration of 10 CiJml. Beef insulin (Eli Lil-
ly and Co.) was diluted 1:10 with isotonic saline to a
concentration of 4 U/mI.
Female Sprague Dawley rats, (each weighing 140
to 210 g) were obtained from Simensen Laborato-
ries, Gilroy, California, and maintained prior to use
on Standard Feedstuffs® (Berkeley diet for rat and
mouse). Half the rats were made uremic by bilateral
nephrectomy, and the other half received a sham
operation. Immediately postoperatively, 2 pCi of
AIBA were injected intraperitoneally. Rats were
not allowed food following operation, but at 20 and
28 hours postoperatively each animal was given by
gavage 3 ml of mixture containing (per milliliter) 0.2
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mEq of sodium bicarbonate and 0.15 g of carbohy-
drate. This provided approximately 3.0 mEq of so-
dium bicarbonate and 2.1 g of carbohydrate per
kilogram of body weight at each feeding. Two
hours prior to sacrifice, either 2 U/kg or 4 U/kg
of insulin were given subcutaneously in the lateral
thigh to half of the uremic rats and half of the sham-
operated control rats. The animals were killed by
decapitation 40 to 48 hours postoperatively. Tissue
from liver, diaphragm, and lateral gastrocnemius
muscle was rapidly excised, rinsed in saline, and
frozen.
In an attempt to minimize the hypoglycemic re-
sponse to insulin, a second group of animals pre-
pared in a similar manner was given 2 ml of 20%
glucose solution intraperitoneally at the same time
that insulin was given.
A third group of animals prepared in the same
manner was sacrificed 24 hours after nephrectomy
when they were less uremic. These rats did not re-
ceive either food, glucose, or bicarbonate.
Tissue samples were homogenized in 2 ml of 10%
trichloracetic acid; after centrifugation 0.5 ml ali-
quots of the supernatant fluid were added to Aqua-
sol®; and samples were counted in a Packard 3330
liquid scintillation spectrometer. Samples were cor-
rected for quenching with 14C-toluene internal stan-
dard.
Radioactivity was calculated as distintegrations
per minute (dpm) per milliliter of intracellular fluid
(ICF) by the following formulas:
dpm/ml tissue water = dpm/ml supernate
tissue water + 2 ml
x tissue water
dpm/ml ICF = dpm/ml tissue water — [(ECF) ml/g
x (dpm/ml plasma H20)]
Values are expressed as a distribution ratio (DR)
calculated by dividing the concentration of AIBA in
ICF by its concentration in plasma water (ECF).
Average values for total tissue water were deter-
mined from tissues of the rats similarly treated. To-
tal tissue water content was 73.8 0.4% (N = 18)
for muscle, 76.5 0.2% (N = 18) for liver, and
77.7 0.9% (N = 6) for diaphragm. Extracellular
fluid (ECF) volume was determined by injecting 3%
sodium bromide, 0.5 mIIlOO g of body weight. Bro-
mide concentration was determined in plasma and
tissue with fluorescent excitation analysis [20]. Av-
erage values for ECF volume in rats obtained in this
and previous experiments were slightly greater in
uremic rats.'
Blood samples collected from decapitated ani-
mals were used for arterial blood gases, arterial pH,
serum electrolyte, and serum glucose determina-
tion. Blood glucose was measured with ortho-
toluidine (Dow Chemical). Arterial blood gases and
pH were measured on a Corning blood gas ana-
lyzer. BUN was measured with the Seligson dif-
fusion method [21]. Electrolytes were measured by
flame photometer. Amino acid concentrations were
determined on a Beckman amino acid analyzer and
compared with values obtained in previous experi-
ments on fasted rats. Serum insulin concentrations
were estimated with a radioimmune assay with hu-
man insulin standard.
Results
Nonuremic rats lost an average of 21.5 g in weight
over the 48 hours of food deprivation. Uremic rats
lost an average of only 1 g over the same time peri-
od. The latter retained most of the fluid given by
gavage due to no urinary loss of water, but they
were not obviously edematous. Blood urea nitrogen
was 18 8 mg/dl in nonuremic rats and 232 68
mg/dl in the uremic rats. Serum sodium concentra-
tion was normal in both control and uremic rats,
and hence osmolar-induced changes in extracellular
fluid volume were avoided. Additional relevant data
is recorded in Table 1. The fall in serum glucose in
response to insulin was not statistically different be-
tween control and uremic rats. Serum potassium
concentration fell significantly in the uremic ani-
mals (P < 0.01) (Table 2). Serum concentration of
alanine in uremic animals was 9.1 ILM/lOO ml (con-
trol, 23.5 /LM/l00 ml), and that of glycine in uremic
Table 1. Comparison of laboratory values in control and
uremic ratsa
Control Uremic P
Weightchange,g
BUN,mg/d/
Hematocrit, %
Arterial pH
Serum sodium,mEqlliter
—21.5
18 8
46 9
7.41 0.05
137 3
232
37
7.35
136
1.0
68
6
0.08
8
0.01
0.01
0.01
NS
NS
a Values are the means 5EM.
Average values for ECF volumes were as follows: gastroc-
nemius, 12.0 0.4% (N = 39) for normal muscle; 15.5 0.7%(N = 32) for uremic muscle, 27.3 1.2% (N = 17) for normal
liver, 24.7 1.3% (N = 18) for uremic liver; 24.8 1.7% (N =
13) for normal diaphragm; and 29.3 4.0% (N = 8) for uremic
diaphragm.
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Table 2. Effect of insulin (2 U/kg) on blood glucose and serum potassium in control and uremic ratsa
Control Uremic
No insulin Insulin No insulin Insulin
Glucose,mg/IOOml 105 18 31 17 129 17 19 9
Potassium, mEq/liter 5.2 0.7 5 .0 0.5 8.5 0.5 6.6 1.2
a Values are means SEM.
Table 3. Specific activity of aipha-aminoisobutyric acid (AIBA) in the gastrocnemius muscle (A) and serum insulin concentrations (B) in
control and uremic rats 48 hours postoperativea
Plasma Intracellular fluid
No insulin 2 U/kg insulin 4 U/kg insulin No insulin 2 U/kg insulin 4 U/kg insulin
A. Specific activity AIBA, dpm/ml x IO
No glucose
Control 9.3 0.9 5.0 0.7k 4.6 0.8 24.0 2.4 26.2 3.1 32.0 1.7
Uremic 8.7 1.2 9.0 2.4 8.7 l.2 18,6 1.7 24.3 4.9 20.5 3.V
Glucose i.p.
Control 4.8 0.9 — 2.2 1.1 17.7 3.9 — 24.5 11.5
Uremic 9.1 O.9 — 6.2 O.8 14.6 3.4 — 15.1 2.0
B. Serum insulin concentration, pU/m1
No glucose
Control 4.5 0.7e 14.1 0.6 147C
Uremic 16.4 4,3t 52.0 28.4k >200
Glucose i.p.
Control <2.5 — 103.9 138d
Uremic 10.0 l.6 — >200"
a Values are means SCM X l0 for six or more animals.
b p < 0.01, 0 vs. 2 U/kg insulin.
P < 0.01, 2 vs. 4 U/kg insulin.
d p < 0.01, 0 vs. 4 U/kg insulin.
P < 0.05, control vs. uremic.
p < 0.01, control vs. uremic.
animals was 16.65 LM/l00ml (control, 40.9 j.M/l00
ml). The uremic animals had elevated basal serum
insulin concentrations, and the insulin concentra-
tions increased pregressively with each dose of in-
sulin (Table 3).
Effect of insulin on tissue uptake of AIBA. The
distribution ratio of AIBA in the gastrocnemius
muscle was the same in control and uremic rats
(Table 4). Insulin at doses of 2 U/kg and 4 U/kg pro-
gressively increased the distribution ratio in the gas-
trocnemius muscle of uremic rats at either dose
(Fig. 1). Insulin also progressively increased the
distribution ratio of AIBA in the diaphragm and
liver of control rats when insulin was given at 2 UI
kg and 4 U/kg, respectively (Table 3; Fig. 1). The
uremic rats who had not received insulin had a sig-
nificant elevation of distribution ratios in diaphragm
and liver when 2 U/kg of insulin was given, but 4 UI
kg had little additional effect in the uremic animals.
Glucose-treated animals. One group of animals
was given glucose intraperitoneally simultaneously
with the subcutaneous administration of 4 U/kg of
insulin. Blood glucose concentration in these ani-
mals fell from 83 18 to 33 14 mg/l00 ml in non-
uremic animals. Blood urea nitrogen was 15 3 mg/
100 ml in nonuremic rats and 246 32 mg/100 ml in
uremic rats. The distribution ratio of AIBA in-
creased in the sham-operated rats but not in the ure-
mic rats (Table 5).
Twenty-four-hour uremic animals. In rats who
were followed for 24 hours, BUN was 12 6 mgIlOO
ml in control animals and 176 30 mgIlOO ml in
the uremic animals. The weight of sham-operated
and uremic animals decreased 22 5 g and 4 6 g,
respectively. There was no change in hematocrit.
The distribution ratios for AIBA in the gastroc-
nemius muscle increased when sham-operated rats
received 4 U/kg of insulin. The distribution ratios
were unchanged by insulin in the uremic animals
(Table 4).
0
0
C0
=0
Gastrocnemius Diaphragm
Insulin, U/kg
0 2 4
Fig. 1. Effect of insulin on distribution ratios of aipha-aminoisobutyric acid (AIBA)
in various tissues of control (o_o) and uremic (._.) rats. Values are given as
means SEM. Statistical comparisons between control and uremic animals are
indicated by footnoted P values (*P < 0.05; ** < 0.01).
Discussion
These experiments demonstrated that acute ure-
mia depresses the ability of the gastrocnemius
muscle of rats to respond to insulin stimulated
amino acid uptake. In comparison, intracellular
amino acid concentrations progressively increased
in the tissues of nonuremic rats as increasing doses
of insulin were given. The normal serum sodium
concentration and arterial pH in the two groups
eliminated osmotic and pH effects of ECF as vari-
ables that would influence insulin's ability to stimu-
late amino acid uptake. The lower levels of alanine
Table 4. Distribution ratio of alpha-aminoisobutyric acid in tissues of control and uremic rats studied 48 hours after nephrectomy
Control Uremic
No insulin 2 U/kg insulin 4 U/kg insulin No insulin 2 U/kg insulin 4 U/kg insulin
Gastrocnemius 2.82 0.39(11) 5.82 0.78(7) 11.13 l.80(6) 2.52 0.40(9) 3.07 0.60(6) 2.46 0.23(6)
Diaphragm 4.37 0.55(8) 11.24 i.19(6)b 23.48 6.24(5) 6.92 0.92(6) 8.85 1.11(6) 12.99 0.81(4)"
Liver 9.49 1.75 (8) 23.72 1.30 (6) 33.93 3.22 (5)' 21.10 3.07 (6) 26.98 4.70 (6) 27.50 5.23(4)
a Values are means SEM for animals 48 hours after operation. Number of animals in each group is indicated in parentheses.
P < 0.01, compared to rats not receiving insulin.
ep < 0.025, compared to rats receiving 2 U/kg insulin.
p < 0.01, compared to rats receiving 2 U/kg insulin.
Table S. Distribution ratio of alpha-aminoisobutyric acid in gastrocnemius muscle of control and uremic rats in different experimentsa
No insulin 4 U/kg insulin
Control UremicControl Uremic
24hrpostop 5.66 1.68 2.20 0.l4' 7.63 1.07 2.04 0.02
48hrpostop 2.82 0.39 2.52 0.40 11.13 1.80 2.46 0.23e
48 hrpostop glucose treated 3.66 0.11 1.69 0.54 13.66 2.29 2.49 0.36c
a Values are means SEM.b <0.05, compared to control animals.C <0.01, compared to control animals.
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and glycine indicate that these amino acids were un-
likely to be exerting competitive inhibition of AIBA
uptake. Insulin had the expected effect of decreas-
ing serum potassium and blood glucose in both con-
trol and uremic rats. The inhibition of insulin's abili-
ty to stimulate the intracellular uptake of amino
acids was only partially present in the diaphragm
and liver of uremic rats. Tissue resistance to insulin
was present within 24 hours after total nephrectomy
in the gastrocnemius muscle. Tissue resistance was
also present in those rats given glucose to prevent
severe hypoglycemia, despite increased endoge-
nous insulin secretion.
The intracellular concentration of AIBA was ele-
vated in both the liver and diaphragm of the uremic
rats who had not received insulin. Sanders and
Riggs [11] have attributed similar findings in the
liver of normal rats to stress and stimulation by epi-
nephrine of amino acid transport. They did not find
an effect of epinephrine on the AIBA concentra-
tions in the diaphragm. The diaphragm is a different
tissue, physiologically and metabolically, from the
gastrocnemius muscle; it may not be a typical ex-
ample of body muscle mass [13, 22] and may react
differently in uremia to insulin.
Peripheral resistance to insulin's ability to stimu-
late carbohydrate utilization has been a well-recog-
nized feature of acute [23] and chronic uremia [1—6].
Yet increased plasma insulin levels due to the loss
of renal parenchymal mass and an increased half life
of insulin have been a common finding in uremic
patients [2]. The proposed explanation for this pe-
ripheral resistance to insulin includes: cellular an-
tagonism, abnormal binding to cell membrane re-
ceptors, circulating antagonists, and defective
plasma insulin [1-6, 24].
In normal patients, protein ingestion [25] and in-
creased plasma amino acid concentrations [26] are
physiologic stimuli for insulin release. Insulin has
been shown to increase the intracellular concentra-
tions of a variety of amino acids by stimulating ac-
tive transport of amino acids against concentration
gradients [7, 8, 10]. Insulin also plays a major role in
protein metabolism by stimulating protein synthesis
[15, 16], by inhibiting protein degradation [16], and
by influencing gluconeogenesis [27] and alanine pro-
duction [28—30] from intracellular amino acid poo1s.
Both abnormal intracellular and plasma amino acid
concentrations, however, are present in uremic pa-
tients [31, 32], and experimental evidence has
shown that the negative nitrogen balance often seen
in uremic patients may be due to decreased protein
synthesis [33]. The role insulin plays in protein syn-
thesis and amino acid metabolism in uremia has not
been investigated. Little is known about the rela-
tionship of plasma amino acid levels to intracellular
amino acid pools in uremia and about the role in-
sulin plans in the regulation of these pools.
The plasma concentration of a number of hor-
mones, insulin, glucagon, and growth hormone, are
elevated in uremia, but the metabolic response to
their action is reduced [34]. Thus, it seems, in a gen-
eral way, that hormone activity more than hormone
production is affected by the uremic state. Our find-
ings indicate that uremia inhibits the ability of in-
sulin to stimulate the intracellular uptake of amino
acids. The use of exogenous insulin and of a non-
metabolized amino acid eliminates defective plasma
insulin and the inhibition of protein synthesis by
uremia as possible explanations for the phenome-
non we observed. The present study, however, did
not examine how the inhibition of amino acid up-
take might affect protein synthesis nor did it deter-
mine how the inhibition of insulin activity might be
mediated. Studies of insulin binding to membrane
receptors and quantitation of these membrane re-
ceptors in uremic skeletal muscle may provide more
insight into the altered role of insulin on amino acid
transport in uremia.
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